Abstract
Microorganisms cultured from stratospheric air samples obtained at 41 km 22 The extension of the biosphere upwards to include var-23 ious levels of the atmosphere has been discussed intermit-24 tently for many years, particularly in relation to the trans-25 port of pathogenic microorganisms from one part of the 26 globe to another [1] . The occurrence of microorganisms in 27 cumulous clouds is not in dispute, nor is their role in 28 nucleating atmospheric ice crystals [2, 3] as such organisms 29 are likely to be of terrestrial origin. 30 Attempts were made to probe the stratosphere in the 31 years immediately prior to the space age [4] . Although it 32 was claimed that bacteria and fungi can be found over the 33 altitude range 18^39 km, such results were generally dis-34 missed on the basis of contamination. 35 Narlikar et al. [5] sought to repeat these early experi-36 ments using rigorous sterilisation protocols, combined 37 with state-of-the-art balloon experimentation technology 38 used in India for research in atmospheric physics as well 39 as cosmic ray and infrared astronomy.
40
In an earlier paper Harris et al. [6] reported the discov-41 ery of clumps of cocci-shaped sub-micron-sized particles 42 of overall average radius 3.0 Wm from isolates of ¢lters 43 that were recovered from an earlier stratospheric probe. 44 The clumps were identi¢ed, as bacteria, ¢rst using a scan-45 ning electron microscope and later using an epi£uores-46 cence microscope. 
60 sures in the range 10 36 mb (ultravacuum) to 200 b. The 61 probes and all their components were thoroughly steri-62 lised. They were £ushed with acetone and heat sterilised 63 to temperatures of 180 ‡C for several hours. The entrance 64 to each probe was ¢tted with a metallic, motor driven 65 (Nupro) valve that could be opened and shut on ground 66 telecommand. The payload trailed at a shallow angle of 67 elevation behind the balloon gondola, being tethered by a 68 sterilised 100-m-long rope. As a further precaution against 69 the possibility of collecting any traces of out-gassed mate-70 rial from the balloon surface, a sterilised intake tube 2 m 71 long formed an integral part of the cryosampler ensemble. 72 The intake to each probe was covered during the balloons 73 ascent through the atmosphere. 74
Throughout the £ight the probes remained immersed in 75 liquid Ne so as to create a cryopump e¡ect, allowing am-76 bient air to be admitted when the valves were opened. Air 77 was collected into a sequence of probes during ascent, the 78 highest altitude reached being 41 km. The cryosampler 79 manifold, once the probes were ¢lled, was parachuted 80 back to ground. The probes were stored at 380 ‡C until 81 the laboratory work began. Membranes, stored at 380 ‡C were aseptically trans-105 ferred (using a laminar air low cabinet) to sterile, plastic 106 universal bottles, and left at ambient (15^20 ‡C) temper-107 ature for 4 days. Sterile, distilled water (10 ml) was added 108 to each tube and allowed to soak the membranes for 1 h. 109 The tubes were then shaken vigorously on an orbital shak-110 er for 5 min. Samples (0.5 ml) of the water extracts were 111 then transferred to the surface of the following media 112 (Oxoid, autoclaved at 120 ‡C): Columbia base; Mueller 113 Hinton; L Broth; nutrient agar; potato dextrose agar 114 (PDA) and Czapek Dox. Nutrient-free silica gel was also 115 included in an attempt to isolate oligotrophic microorgan-116 isms [8] . The extracts were spread over the surface of the 117 medium by gentle hand motion (not by the use of spread-118 er). The plates were then incubated at 25 ‡C and examined 119 periodically. Microscope studies involved the use of an 120 optical microscope (U1000, oil emersion, phase contrast) 121 and by scanning electron microscopy (SEM) after gold 122 coating. 123 2.3. SEM 124 Sterile, distilled water was added to the surface of fresh, 125 inoculated PDA plates, which were gently swirled gently 126 by hand. Samples of the water extract were then asepti-127 cally removed using a sterile syringe, such that the Petri 128 dish lid remained as close to the base as possible. The 129 extract was transferred to a sterile membrane ¢lter appa-130 ratus (Nalgene, 100 ml, 0.2 Wm) and ¢ltered using low 131 suction. The membranes were then removed and trans-132 ferred to a sterile Petri dish and allowed to air dry. They 133 were then examined using SEM. 134
Precautions taken against contamination

135
Standard microbial techniques, employing a laminar air 136 cabinet, were used throughout. All plates were used within 137 8 h of pouring and were checked for contamination, both 138 by light microscope examination and by culturing. Control 139 membranes were also analysed after being subjected to 140 identical transfer procedures used for stratosphere-derived 141 samples. In addition, the isolation experiments were re-142 peated in a separate laboratory, by a technician who was 143 not informed of any expected outcomes. 144 3. Results and discussion 145 After 4 days incubation no bacterial colonies were seen 146 on any of the inoculated plates independent of the medium 147 used (including nutrient-free silica gel). In order to deter-148 mine if bacteria were present, but not forming colonies, 149 the surface of the media was gently removed using a sterile 150 scalpel and viewed under the optical microscope. Bacteria 151 (coccus and rod forms) were seen only in surface medium 152 removed from the PDA plates. The coccus was seen more 153 frequently than the rod and occurred singly or in clumps 154 of two or three cells. The rod was not seen when in the 155 samples of PDA examined under the SEM. The coccus in 156 contrast was seen under the SEM occurring in clumps of 157 coccoid cells (0.5^2.0 Wm diameter, Fig. 1 ). It is notewor-158 thy that the viable, but non cultureable, organisms seen 159 (using SEM) by Harris, et al. [6] consisted of clumps of 160 cocci, and an occasional rod. 161 Samples of surface medium obtained from undisturbed 162 plates were then removed and transferred to L-broth (in-
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163 cubated with shaking, at 30 ‡C for 4 days). Liquid medium 164 was removed from any tubes showing turbidity and plated 165 (in the standard manner) onto LB medium that was then 166 incubated at 30 ‡C until bacterial growth appeared. After 167 transfer to LB medium (incubated for 2 days at 30 ‡C) 168 bacterial colonies appeared which comprised rod and a 169 coccus. The rod was large and formed long chains and, 170 after extended incubation, formed spores. The coccus or-171 ganism occurred singly, in pairs or clusters. Both organ-172 isms were Gram-positive, non-acid fast, and catalase-pos-173 itive, and facultatively anaerobic. The coccus was initially 174 distinguished from Staphylococcus by its ability to grow 175 on furazolidone (Sigma, 100 Wg ml 31 ), tentatively indicat-176 ing it to be a species of Micrococcus ; the rod was tenta-177 tively identi¢ed as a species of Bacillus. The cultures were 178 independently identi¢ed using 16S rRNA analysis (by 179 NICMB, Aberdeen, using the MicroSeq1 database). The 180 coccus and rod were identi¢ed respectively as Staphylococ-181 cus pasteuri (99.9% similarity) and Bacillus simplex (100% 182 similarity). The B. simplex isolate is phylogenetically 183 closely related to Brevibacterium frigoritolerans (Fig. 2a) ; 184 while the S. pasteuri isolate, while being closely related to 185 Staphylococcus warneri, is relatively phylogenetically dis-186 tinct from Staphylococcus epidermidis (Fig. 2b) . Further 187 details of the characteristics of B. simplex and S. pasteuri 188 are respectively given in Priest et al. [9] and Chesneau et 189 al. [10] . 190 No organisms were isolated using nutrient-free silica gel 191 medium. This suggests that oligotrophs were absent or, if 192 present, were incapable of growing under the physical1 93 chemical conditions provided by the medium. 194
In addition to the two bacteria, a single fungus was 195 isolated on the PDA plates. It was identi¢ed by CABI 196 Bioscience (Egham) as Engyodontium album (Limber) de 197 Hoog [11] . This fungus appeared on a single isolation 198 plate; no other fungi were isolated on any other media. 199
Bacteria were only observed growing on, and isolated 200 from, the surface of PDA. An element of serendipity was 201 involved in the isolation of these bacteria since the only 202 samples of this medium available to us at the time was 203 approximately 15 years old, and showed signs of browning 204 due to oxidation. When prepared, the powder produced a 
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205 brown medium that set, but which was softer than both 206 normal PDA, and the other media employed. It is possible 207 that the oxidised, soft characteristics of this medium may 208 have encouraged bacterial growth; it is noteworthy that 209 soft (semi-solid) agars have been used before in bacteriol-210 ogy, to isolate organisms [12] . 211 3.1. Comments on the origin of the isolated organisms
212
Since these organisms are found on earth it is impossible 213 to state categorically that they are not contaminants. 214 However, every e¡ort was made, within the limits of our 215 resources, to avoid contamination and to check at every 216 stage that all materials were sterile and free from contam-217 ination. For example, none of the organisms were isolated 218 on non-inoculated plates left exposed to the atmosphere in 219 the laminar air-£ow cabinet, or from breath plates and 220 glove or skin washings. Similarly, no contaminants were 221 found on any of the media, sterile water, or control mem-222 branes used in this study. A technician (who was unaware 223 of any expected outcome and working in a separate labo-224 ratory) also repeated the isolation protocol and isolated 225 the same two bacteria seen by us. Finally, the isolates are 226 not common laboratory contaminants and have never 227 been used in any of the laboratories involved in these 228 studies. It is particularly noteworthy that none of the bac-229 terial isolates formed colonies on any of the initial media 230 employed, as would have been the case with air contam-231 inants. The balance of probabilities would therefore sug-232 gest that the organisms were indeed obtained from the 233 stratosphere. 234
The survival of microorganisms in the stratosphere will 235 be particularly limited by exposure to UV light. It is gen-236 erally accepted that spore-forming bacilli, such as B. sim-237 plex are relatively resistant to such radiation, as are bac-238 teria whose vegetative cells tend to clump together; 239 essentially because the outer cells provide a UV barrier 240 that protects the inner cells. Whisler [13] found that Sar-241 cina lutea, which forms UV protective packets of cells, is 242 100 times more resistant to UV than is Escherichia coli, 243 while B. subtilis and Staphylococcus aureus are respectively 244 three and eight times more resistant. It is not surprising 245 therefore that our stratospheric bacterial isolates exhibit 246 potentially UV-resistant morphologies. The environment 247 found at 41 km will obviously be extreme, not only in 248 terms of UV exposure, but also because of low temper-249 atures and pressures. At ¢rst sight, it would appear un-250 likely that microorganisms could withstand such extremes. 251 However, Streptococcus mitus has been shown to survive 252 for 31 days on the Moon's surface, while Bacillus subtilis 253 has been recovered in a viable state after 6 years of ex-254 posure to the space environment [14, 15] . 255 If, as seems likely, the microorganisms isolated here 256 were obtained from the stratosphere, how did they get 257 to a height of 41 km? The two obvious sources are (a) 258 from Earth and (b) from space. [18] , and more recent studies of particles collected using 306 U2 aircraft have also shown the survivability of extremely 307 fragile organic structures. 308 Many microbiologists will probably react negatively, as 309 we initially did, to the suggestion that the any stratospher-310 ic bacterial £ora would include species of the genus Staph-311 ylococcus. This view is prejudiced by the preconception
